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Abstract

Structures have been obtained for the complexes tiamulin, homoharringtonine and bruceatin form
with the large ribosomal subunit of Haloarcula marismortui at resolutions ranging from 2.8 to 3.2
A. They show that these inhibitors all block protein synthesis by competing with the amino acid side
chains of incoming aminoacyl-tRNAs for binding in the A-site cleft in the peptidyl transferase center,
which is universally conserved. In addition these structures support the hypothesis that the species-
specificity exhibited by the A-site cleft inhibitors is determined by the interactions they make, or fail
to make, with asingle nucleotide, U2504 (E. coli). In the ribosome, the position of U2504 is controlled
by its interactions with neighboring nucleotides, whose identities vary among kingdoms.
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Introduction

Since the systematic search for antibiotics began, thousands of natural products have been
discovered that inhibit protein synthesis by binding to the ribosome. Additional ribosomal
inhibitors have emerged from cancer chemotherapy screens. Many of them block the activity
of the large ribosomal subunit by interfering with the binding of either aminoacyl-tRNA or
Ee%tidyl-tRNA to the peptidyl transferase center (PTC), where peptide bonds form (Figure 1).

Even though the structure of the ribosome is highly conserved, some ribosome inhibitors are
orders of magnitude more active against eubacterial ribosomes than eukaryotic ribosomes,
while others either have the opposite specificity or no specificity at all. Thus the obvious
questions to ask about all of them are: (1) why do they inhibit protein synthesis, and (2) why
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do they have the specificities they do. Since 2000, our understanding of both issues has been
revolutionized by the availability of atomic resolution crystal structures of the ribosome with
various inhibitors.

Here we present crystal structures of the large ribosomal subunit from Haloarcula
marismortui (H. ma) with three such inhibitors bound: tiamulin, bruceantin, and
homoharringtonine (Figure 2a, b, ¢). Tiamulin (Figure 2a) is a derivative of the naturally-
occurring antibiotic pleuromutilin. 4.5t specifically inhibits eubacterial protein synthesis, and
is used in veterinary medicine to treat gram-positive infections. 4.6 1n vitro, pleuromutilins
inhibit both poly(U)-directed polyphenylalanine synthesis and the puromycin reaction, and
compete with chloramphenicol for binding to the large ribosomal subunit. 6,7 Thus, the
biochemical data suggest that pleuromutilins bind to the A-site of the large ribosomal subunit
consistent with the structure that has been obtained of that drug bound to the large ribosomal
subunit from Deinococcus radiodurans®:9.

The alkaloid homoharringtonine (Figure 2b) was first isolated by Paudler from
Cephalotaxus in 1963, and gained attention a decade later because of its antitumor activity.
10-12 Bjochemical data suggest that homoharringtonine also binds to the A-site of the large
ribosomal subunit and, like other A-site specific compounds, e.g. anisomycin, inhibits the
binding of aminoacyl-tRNA to the ribosome. 313 However, unlike tiamulin,
homoharringtonine preferentially inhibits eukaryotic protein synthesisl4'15.

The third antibiotic discussed here, bruceantin (Figure 2c) is also an anti-tumor agent that
specifically inhibits eukaryotic protein synthesis1 16 1t is obtained from Brucea
antidysenterica, and biochemical experiments have shown that it inhibits the binding of other
A-site drugs such as trichodermin and anisomycin to yeast and rabbit reticulocyte ribosomes.
13 Like homoharringtonine, bruceantin has a low affinity for polysomes, and interferes with
the elongation step of translation. 3,13

Tiamulin, bruceantin and homoharringtonine were soaked into the large ribosomal subunit
crystals of H. marismortui at high drug concentrations, and consistent with the biochemical
data, they all bind in the A-site cleft, which is the target of ma|12y, better known antibiotics, e.g.
anisomycin, chloramphenicol and linezolid 1,3,6-9,10,13,16-23 Te Asite cleft is the wedge-
shaped gap in the large ribosomal subunit formed by the bases of A2451(2486) and C2452
(2487) of 23S rRNA 4, (The convention used here for numbering nucleotides is Escherichia
coli number first, followed by the corresponding H. ma number in parentheses). A-site cleft
antibiotics appear to inhibit protein synthesis by competing with the amino-acid side chains of
A-site bound aminoacyl-tRNAs for binding to that same site.

Comparison of the crystal structures described here with other ribosome crystal structures
suggests that the species specificities of tiamulin, homoharringtonine and bruceantin are
determined primarily by the propensity of a single base, U2504, to adopt a conformation
compatible with their binding to the ribosome. The conformational preferences of U2504 are
strongly influenced by its interactions with two bases, A2096(C2055) and U2607 (A2572),
which differ between eubacteria and eukaryotes. This hypothesis, which has been articulated
before8'25, is supported by observations that have been made with other A-site cleft inhibitors.

Crystal structures

The structures of the complexes that tiamulin, homoharringtonine, and bruceantin form with
the large ribosomal subunit from H. ma were determined by X-ray crystallography. The
complexes studied were prepared by soaking preformed crystals of the large ribosomal subunit
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into solutions containing each compound. Table 1 provides statistics characterizing the quality
of the data obtained.

In each case, structural analysis began with the computation of difference electron density
maps. The difference amplitudes used were obtained by subtracting the amplitudes measured
from a crystal lacking the drug from the amplitudes measured from a crystal containing the
drug, i.e. AF(hK,Dgif = (F(h,K,1)-+drug = F(h,K,D)-grug). The phases used to compute difference
maps were obtained by rigid-body refinement of the apo-structure of the large ribosomal
subunit into the data obtained from the crystals containing the drug. In all three maps there is
only one positive electron density feature large enough to accommodate the relevant drug, and
in every case that feature is of appropriate size and shape (Figure 2d, e, f). Once the location
and orientation of each inhibitor had been determined, models were constructed and refined
as described in Materials and Methods (Table 2).

Tiamulin binds to the large ribosomal subunit with the three rings that form its core stacking
on the base of G2061(2102), the base of C2452(2487) and the ribose of G2505(2540) (Figure
3a). These three moieties delimit a largely hydrophaobic cavity in the ribosome that the drug
almost completely fills. Tiamulin has a surface area of 878.8 A2 and 70% of it is solvent-
inaccessible when it is bound to the ribosome. In addition, the “tail” of tiamulin extends far
enough into the P-site to interfere with the binding of substrates to that site also.

Small shifts in the positions of nearby nucleotides are associated with tiamulin binding (Figure
3b). A2451(2486) moves away from the drug by a modest amount, and the base of C2452
(2487) moves towards A2453(2488), a change in location that improves its stacking on both
the 6-membered ring of tiamulin and A2453(2488). Similar shifts are seen when anisomycin
binds to the ribosome. A2062 also moves away to avoid a steric clash with the bound tiamulin.
It is interesting to note that the K* ion that is found coordinated by the base triple (A2451
(2486), G2061(2102), G2447(2482)) in the native structure appears to be lost upon tiamulin
binding.

The complex of tiamulin with the ribosome is stabilized by a large number of hydrogen bonds,
as well as by hydrophobic interactions (Figure 3a). The keto-group of the cyclo-pentanone ring
of tiamulin is part of a hydrogen-bond network that involves the O2 of C2452(2487), the
phosphate oxygens of U2506(2541), and a water molecule (0197). The keto group in the tail
of tiamulin is within hydrogen bonding distance of both the N1 and the N2 of G2061(2102).
The OH group of the 8-membered ring of tiamulin forms a hydrogen bond with a water
molecule (0277), which is hydrogen-bonded to the 02’ of A2503(2538) and the O2P of G2505
(2540). The same tiamulin hydroxyl group makes a hydrogen bond with a second water
(06452) that in turn forms a hydrogen bond to the N6 of A2059(2100). Finally, the sulfur of
the thioether in the tail of tiamulin is within hydrogen bonding distance of a water molecule
(04261), which is held in place by a hydrogen bond to the O2’ of C2063(2104).

Homoharringtonine

The interaction of homoharringtonine with the ribosome is stabilized by both hydrophobic
interactions and hydrogen bonding (Figure 3c). Its 6-membered aromatic ring stacks on the
base of C2452(2487), and the A-site cleft is completely filled by it and the 5-membered
dioxylane ring attached to it. Homoharringtonine has a surface area of 998.9 A2 and when
bound to the ribosome, 73% of its surface becomes solvent inaccessible. The tertiary amine of
homoharringtonine, which is protonated at neutral pH, forms a hydrogen bond with the O2 of
C2452(2487). This bond is 2.66A long and positive electron density connecting the O2 of
C2487 and the tertiary amine of homoharringtonine can be seen in difference electron density
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maps calculated using observed amplitudes, (Fo-Fo), contoured at 2.5 ¢. The hydroxyl group
at the tip of the “tail” of the drug is hydrogen bonded to the O6 of G2058(2099) through an
intervening water molecule, and the carbonyl group at the other end of the “tail”, forms a
hydrogen bond with the N2 of G2061(2102).

The binding of homoharringtonine to the large ribosomal subunit is accompanied by several
conformational changes (Figure 3d). The most dramatic of them is a roughly 50° reorientation
of the base of U2506(2541), which enables it to stack on top of the drug. In the drug complex
U2506(2541) forms a symmetric, O4-N3/N3-0O4 base pair with U2585(2620). In all other
crystal structures of the large ribosomal subunit from H. ma U2506(2541) forms a GU base
pair with G2583(2618). A number of more subtle conformational changes are seen in the A-
site cleft region. C2452(2487) undergoes a slight rotation away from A2451(2486), and the
base of A2453(2488) rotates about 40° about its glycosidic bond. This rotation allows A2453
(2488) to form a base pair with U2500(2535) and improves its stacking on C2452(2487).

Like homoharringtonine, the core of bruceantin is a fused, polycyclic system, and when bound
to the ribosome, the ring on its left end in Figure 2c is inserted into the A-site cleft (Figure 3e).
The cleft opens to accommodate bruceantin. A2451(2486) moves away from C2452(2487) by
a small amount while C2452(2487) moves away from A2451(2486) by 1.8 A, as measured by
the change in the position of its C2 (Figure 3f). The ring of bruceantin that fills the cleft is
oriented more or less parallel to the base of A2451(2486), and the fit is so tight that despite
our best efforts at refinement, there are many short (< 3 A) non-bonded contacts between the
drug and the ribosome in the cleft region. The motion of C2452(2487) propagates through the
backbone for several nucleotides, having its largest effect on the placement of the base of
A2453(2488), on which the base of C2452(2487) stacks. Drug binding is also associated with
a movement of A2062(2103) away from the drug, which alleviates what would otherwise be
a steric clash.

Like tiamulin and homoharringtonine, bruceantin interacts with the ribosome extensively and
66% of its surface area of 870.9 A2 is buried when it is bound to the ribosome. Several hydrogen
bonds also stabilize the bruceantin-ribosome complex (Figure 3e). The N6 of A2062(2103)
forms a hydrogen bond with the carbonyl oxygen of the ester group in the “tail” of the drug.
The carbonyl oxygen of the carboxymethyl side chain of the molecule hydrogen bonds with
the O2' of A2503(2538). Finally, the ribose of G2505(2540) interacts extensively with the 5-
membered oxycylcopentane ring and the adjacent 6-membered lactone ring of the drug further
stabilizing the complex.

Discussion

Since halophilic archaea are much less sensitive to many inhibitors of protein synthesis than
eubacteria and eukaryotes, 14,26 high inhibitor concentrations (1 mM) were used in this study
to ensure the formation of drug-ribosome complexes. Spurious binding is always a concern
when macromolecules are exposed to high concentrations of small molecules. However,
dozens of structures have been obtained of inhibitors bound to the large ribosomal subunit from
H. ma using inhibitor concentrations in the mM range, 1,25,27-30 and in that entire set of
structures there is only one example where the inhibitor may have bound to a spurious site.
28 With that one possible exception, these structures explain why the inhibitors in question
block protein synthesis, and rationalize the genetic and biochemical data obtained using more
sensitive organisms. Finally, structures have been obtained for several of these inhibitors bound
to the ribosomes from other species. In almost all cases, these structures agree well with the
corresponding H. ma structures and the few exceptions have interesting biochemical
implications. 131
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When tiamulin, homoharringtonine and bruceantin bind to the large ribosomal subunit from
H. marismortui, they completely fill its A-site cleft, precluding the occupation of that same
space by the amino acid side chains of A-site-bound aminoacyl-tRNAs (Figure 2d, e, f). Thus
even if an aminoacyl-tRNA were to bind to the A-site under these conditions, its amino acid
portion would be sufficiently displaced from its proper position to prevent the participation of
its a-amino group in peptide bond formation. These observations indicate that at the (high)
concentrations used in these experiments, all three compounds should inhibit protein synthesis
in H. ma.

It is much more challenging to explain the species specificities of these inhibitors. However,
if it is assumed that the structure of the A-site cleft region of the H. ma ribosome is eukaryotic
in character, analysis of the structural data available leads to a hypothesis that explains the
species specificities of all A-site cleft protein synthesis inhibitors. The rationale for assuming
that archaeal ribosomes have eukaryotic character is clear at the level of ribosomal proteins.
32-34 Comparison of ribosomal RNA sequences also indicate that the archaea, as a group, are
more closely related to eukaryotes than to eubacteria. 35 In addition, and particularly pertinent
here, archaea, like eukaryotes, are sensitive to the A-site cleft inhibitor anisomyin, but
i3nsensitive to another A-site cleft inhibitor chloramphenicol, to which eubacteria are sensitive.

Comparison of the crystal structures oftiamulin bound to the large ribosomal subunit of the
eubacterium Deinococcus radiodurans 9 and the archaebacterium H. ma, suggests an
explanation for why drugs of this class are specific for eubacteria. Within experimental error,
the fused ring system of the drug binds in the same location and with the same orientation to
both species of ribosomes.

The most striking difference between the binding sites for tiamulin in the two species is the
placement of the base of U2504(2539) in the unliganded structure, and we suspect that this
difference accounts for the species specificity of this drug as well as other A-site cleft drugs
(Figure 4a). In the D. radiodurans subunit, as well as in other eubacteria, in the absence of the
drug, the base of U2504 (2539) is approximately positioned to stack on the ring system of
tiamulin when that drug binds&g, while in the large ribosomal subunit of H. ma, it is not (Figure
4d). That difference in placement appears to be a consequence of the interaction the base of
U2504(2539) with the nucleotide at position 2055(2096), which is a C in eubacteria and an A
in archaea and eukaryotes (Figure 5). In H. ma, the base of U2504(2539) stacks on the base of
A2055(2096), which is in the syn conformation, and that helps to stabilize the noninteractive
positioning of U2504. In D. radiodurans and other eubacteria, the base at 2055(2096) is a C,
and there is no stacking. Instead, the U2504 adopts a conformation that favors tiamulin binding,
which is stabilized by base pairing with C2452(2487).

Other interactions also contribute to the difference in the placement of U2504(2539) between
archaeal ribosomes and eubacterial ribosomes. In eubacteria, the base at 2572(2607) is an A,
and unless it moves, it will sterically prevent U2504(2539) from adopting the archaeal position.
In archaea as well as in eucaryotes the base at that position is a U, which is smaller, and it forms
a H-bond with U2504(2539) securing it in its place (Figure 5).

The recently published structure of linezolid, another drug that binds in the A-site cleft,
complexed with the H. ma ribosome shows that it is possible for U2504(2539) to adopt the
eubacterial conformation. 17(Figure 4e and f). However, the fact that this placement of U2504
(2539) is not normally seen in H. ma ribosomes indicates that the conformational rearrangement
required to put it there has an appreciable free energy cost. Either the system “pays” that cost
and then benefits from stacking interactions with U2504 (2539), which is what happens when
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linezolid binds (Figure 4e), or it does not, which is the outcome when tiamulin binds (Figure
43). In either case, both linezolid and tiamulin should bind more strongly to eubacterial
ribosomes than they do to eukaryotic/archaeal ribosomes, 36,37 and hence preferentially inhibit
the former. [Preliminary data obtained in the course of this work indicate that the MIC for H.
ma for tiamulin is ~ 400 pg/ml (~0 66 mM), which is about 8 times its MIC for E. coli and
8000 times its MIC for S. aureus (Gurel unpublished observations). Thus H. ma is highly
resistant to tiamulin, consistent with the structural findings discussed here.]

The two structures available for tiamulin/ribosome complexes reveal a number of less
important differences in the way the drug interacts with archaeal and eubacterial ribosomes.
For example, the conformation of the tail of the drug is not the same (Figure 4a), and in the
D. radiodurans complex the hydroxyl group on the 8-membered ring of tiamulin appears to
hydrogen-bond directly to the O1P of G2505(2540), instead of interacting with that same O1P
through an intervening water molecule. Furthermore, in D. radiodurans, the binding of
pleuromutilin derlvatlves induces a rotation of the U2506(2541) base towards the tricyclic core
of these drugs similar to that seen when homoharringtonine binds to the H. ma.

Homoharringtonine

The refinement of the homoharringtonine structure bound to the large ribosomal subunit was
not straightforward because the structure of the drug deposited in the Cambridge Structural
Database (CSD) (http://www.ccdc.cam.ac.uk/products/csd/) appears to have the wrong hand.
38 The structure from the CSD could not be fit into the corresponding difference electron
density in any orientation, but its mirror image could. Interestingli/, the stereochemistry of the
chiral centers of homoharringtonine implied by its chemical name Oindicates that the structure
deposited in the CSD is inverted, which suggests that use of its mirror image here is justified
(Figure 6).

The structure of the ribosome complex with homoharringtonine presented above rationalizes
the structure-activity relationship data that have been obtained for the drug. Activity assays of
several derivatives of homoharringtonine done using HeLa cells, reticulocytes and reticulocyte
lysates indicate that neither the rln%system nor the tail moiety of homoharringtonine are
effective inhibitors by themselvesL®. Consistent with these observations, both the ring system
and the tail of homoharringtonine participate in interactions with the ribosome that contribute
to drug binding. The most striking interaction made by the tail is its hydrophobic interaction
with the base of U2506(2541), which locks the drug in its binding site. (As noted earlier, the
movement of that base observed when homoharringtonine binds is similar to the one that occurs
when pleuromutilins bind to ribosomes for D. radiodurans (Figure 3d))

Insight into the structural differences that determine the species specificity of
homoharrlngtonine were obtained by superimposing the structure of the E. coli large ribosomal
sububunit 39 on the structure of the ribosome- -drug complex reported here (Figure 4b). E.
coli is resistant to the drug, 40 and H. ma, whose ribosomes resemble eukaryotic ribosomes,
is likely to be more sensitive. The E. coli ribosome differs from the H. ma ribosome in two
ways that could explain its reduced affinity for homoharringtonine. First, in the E. coli structure
the orientation of the base of U2506(2541) is different from what it is in H. ma, but we do not
think this observation is significant (Figure 4b), because the placement of U2506(2541) appears
to be highly variable. Five different orientations of that base can be observed in reported crystal
structures (Figure 4). Figure 4d shows three of them, namely the one observed in the apo-
structures of E. coli and D. radiodurans ribosomes, 41 the positioning reported for that base
in the apo- structure of the T. thermophilus ribosome, and finally the placement normally
observed in H. ma. The fourth orientation is seen in the complex that homoharringtonine forms
with H. ma large ribosomal subunit (Figure 4b), and the fifth is the rotated orientation found
in complexes of pleuromutilin derivatives with eubacterial ribosomes (not shown). The
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second difference between the structures of E. coli and H. ma, and far more significant in our
view, is once again a difference in the placement of U2504(2539). If homoharringtonine were
to bind to a eubacterial ribosome the way it binds to the ribosomes of H. ma, it would clash
with U2504 (2539) (Figure 4b).

Since the conformation of the ribosome in the A-site cleft region exhibits some plasticity, a
sufficiently high concentration of the drug might enable homoharringtonine to bind to
eubacterial ribosomes, just as tiamulin, a drug specific for eubacteria binds to archaeal
ribosomes. However, the conformational change required to relieve the clash between U2504
(2539) and homoharringtonine in eubacterial ribosomes would have a free energy cost, which
eukaryotic/archaeal ribosomes do not have to “pay”, and which should make its affinity for
eubacterial ribosomes lower than its affinity for eukaryotic/archaeal ribosomes. The specificity
of anisomycin for eukaryotic/archaeal ribosomes, which is another A-site cleft inhibitor, can
be explained the same way (Figure 4e). 25

Poly(U) directed polyphenylalanine synthesis systems derived from halophilic archaea are less
sensitive to bruceantine than similar systems derived from yeast and more sensitive than the
in vitro systems derived from E. coli. 14 The structure of the large ribosomal subunit with
bruceantin bound can explain the structure-activity data available. For example, the reason a
double bond is required in the 6-membered ring at the left end of the bruceantin ring system
(Figure 2c) to obtain inhibition of protein synthesis is the insertion of the ring system into the
A-site cleft (Figure 3f). 16 £ that double bond were replaced by a single bond, the ring would
be non-planar, and the drug would no longer fit in the cleft due to steric clashes between the
oxygen atoms in that ring and the ribosomal bases that form the cleft.

Once again the species specificity of bruceantin can be explained by species-dependent
differences in the position of U2504(2539). If bruceantin were to bind to the ribosome of E.
coli there would be steric clashes between the drug and the bases of U2504 (2539) and U2506
(2541) as well as with the phosphate oxygens of G2505 (2540) unless a significant
conformational change occurred in that region (Figure 4c). Thus the species specificity of
bruceantin can be explained exactly the same way as the species specificity of
homoharringtonine.

The here presented structural studies provide an explanation for the mechanism of action and
for the species-specificities exhibited by three inhibitors -tiamulin, homoharringtonine and
tiamulin- that bind to the binding site of the aminoacid side chain of the A-site tRNA. The
affinity of these inhibitors for the A-site of ribosomes from different kingdoms arises from the
interactions they can or cannot make with the base of a single nucleotide, U2504(2539), whose
variable position is controlled by its interactions with neighboring nucleotides. Since the
identities of these controlling neighboring nucleotides are the same in the ribosomes of H.
ma and in eukaryotes but different in eubacteria, we conclude that these studies of the H. ma
ribosome complexes with these inhibitors provide the structural bases for explaining their
different specificities for eukaryotes and eubacteria.

Materials and Methods

Inhibitors

BM Cyclin 1 (Tiamulin) was purchased from Roche. Homoharringtonine (NSC: 141633) and
bruceantin (NSC: 165563) were obtained from the Open Chemical Repository of the
Developmental Therapeutics Program sponsored by the National Cancer Institute
(http://dtp.nci.nih.gov).
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Preparation of Crystals

50S ribosomal subunits were crystallized and stabilized as described previously34v42743.
Crystals were soaked in solutions containing the inhibitors in buffer B [12% polyethylene
glycol 6000, 20% ethylene glycol, 1.7M NaCl, 0.5 M NH4CI, 1 mM CdCl,, 100 mM
KCH3COO, 6.5 mM CH3COOH (pH 6.0), 5mM B-mercaptoethanol, and with 30 mM
MgCl,, or 21 mM MgCl, and 30 mM SrCls] for several hours, with one exchange of soaking
solution at 4 °C. All three inhibitors were used at a concentration of ImM.

Crystallography

Data were collected at the National Synchrotron Light Source (Brookhaven National
Laboratory) on beamline X29 and at the Advanced Photon Source (Argonne National
Laboratory) on beamline 24-1D-C, as previously described (Table 1). 34 After data processing
with HKL2000%4, difference electron density maps were calculated for each complex using
amplitudes (JFo(hki)| drug bound ribosome=|FO “‘5% | best apo) @nd phases obtained from an apo- Iar%e
ribosomal subunit structure (PDB 3CC2,). <2 The starting models for homoharringtonine 3
and tiamulin#® were obtained from Cambridge Structure Database
(http://www.ccdc.cam.ac.uk/products/csd/). The starting model for bruceantin was created
using the Dundee PRODRG2 server (http://davapcl.bioch.dun-dee.ac.uk/prodrg/). The
refinement in CNS included rigid-body refinement, minimization, and B-factor refinement
(Table 2). Structures were visualized in the program O and figures were generated using the
program PyMoI47748. Buried surface areas were calculated in CNS 46 using the Lee and
Richards algorithm49.

Accession numbers

Coordinates and structure factors have been deposited in the Protein Data Bank with the
following accession numbers: 3G4S (tiamulin), 3G6E (homoherringtonine), and 3G71
(bruceantin).
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Bruceantin
Homoharringtonine

nascent chain model

Figure 1.

Cross-sectional view of the large ribosomal subunit. The subunit has been cut open to expose
the peptidyl transferase center and the polypeptide exit tunnel. Ribosomal RNA is grey and
proteins are blue. A P-site-bound tRNA (brown) is shown with an A-site-bound tRNA (purple)
just visible behind it, and a nascent peptide chain (red) shown schematically extending down
the exit tunnel. The site where the antibiotics of interest bind to the ribosome is also shown.
The inset provides an enlarged view of the drug-binding site. tRNAs are shown as surfaces,
color-coded as described above. The two nucleotides that define the A-site cleft are shown in
gray, and the three drugs discussed here are shown superimposed on each other (tiamulin
(yellow), homoharringtonine(green) and bruceantin(orange)).
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Figure 2.

The chemical structures of tiamulin, homoharringtonine and bruceantin, and the corresponding
difference electron density. Panels (a), (b), and (c) show the chemical structures of these

inhibitors. Panels (d), (e), and (f) show the feature in the appropriate (Fo-Fo) difference electron
density map that were assigned to the three drugs with the structures of the drugs superimposed
on them. Difference electron density maps were contoured at 3c. Residues forming the A-site
cleft are shown in cyan, and 23S rRNA bases are numbered to correspond with the 23S rRNA

of E. coli.
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Figure 3.

Drug interactions with the ribosome, and the conformational changes associated with drug
binding. Panels (a), (c), and (e) show how tiamulin, homoharringtonine, and bruceantin interact
with the ribosome. Drugs are shown with C gold, N blue, O red, and S green. Water molecules
are shown as red balls and hydrogen bonds are shown as red dashes. Panels (b), (d), and (f)
show the conformational changes associated with drug binding. The drugs are color coded as
just described. The drug-bound conformation of surrounding bases is shown in cyan,
superimposed on the apo- conformation (gray).
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Figure 4.

Comparison of the interactions of tiamulin and homoharringtonine with archaeal and
eubacterial ribosomes. (a) The structure of the complex tiamulin (gold) forms with the large
ribosomal subunit from H. ma (gold) is shown superimposed on the structure oftlamulln (beige)
bound to the large ribosomal subunit from D. radiodurans (beige) (PDB# 1XBP). (b) The
structure of homoharringtonine (gold) bound to the H. ma large ribosomal subunit (gold) is
shown superlmposed on the structure of the E. coli large ribosomal subunit (PDB# 2AW4,
magenta) (c) The structure of bruceantine (gold) bound to H. ma large ribosomal subunit
(gold) is shown superlmposed on the structure of the E. coli large rlbosomal subunlt (PDB#
2AW4, magenta,). 39 (d) The apo structures of H. ma (PDB# 1S72, gray)

thermophilus (PDB# 2J03 orange,), S1E. coli (PDB# 2AW4, magenta) and D radlodurans
(PDB# 1INKW, beige, ) (e) The apo (PDB# 1S72, gray), anisomycin- bound (PDB# 1K73,
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green,) 1 and linezolid-bound (PDB# 3CPW, gold,) 17 structures of the H. marismortui large
ribosomal subunit are superimposed. Anisomycin is green, and linezolid is gold. (f) A
superposition of the apo structure of H. ma (PDB# 1S72, gray), the structure of the complex
the H. ma ribosome forms with linezolid (PDB# 3CPW, gold), and the structure of linezolid
bound to the D. radiodurans large ribosomal subunit (PDB# 3DLL, beige,). 52 All
superpositions in (a), (b), (c),(d), (e) and (f) were done using PTC phosphorus atom positions.
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Figure 5.
Interactions that control the conformation of U2504(2539) in H. ma and E. coli. The H. ma

structure shown is the tiamulin-ribosome complex structure described here, and the E. coli
structure is PDB# 2AW439. The two have been superimposed using phosphorus atom positions
in the PTC. Tiamulin and the H. ma ribosome are shown in gold and the E. coli ribosome is in
magenta.
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Figure 6.

Choosing the correct homoharringtonine enantiomer. A stereo pair is provided that compares
the fit of the refined homoharringtonine structure (gold), structure to the electron density for
that drug with the fit obtained for the homoharringtonine structure obtained from Cambridge
Structural Database (green), which is its enantiomer. The electron density shown is Fo-Fo
difference electron density contoured at 3c.
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